ABSTRACT The application of synchronized phasor measurement technology at distribution networks provides new options for voltage-to-power sensitivity estimation and voltage regulation. An augmented sensitivity estimation-based voltage control strategy with a phasor measurement unit (PMU) measurement is proposed for active distribution networks (ADNs). The voltage control records are extracted from historical synchronized phasor measurements. The voltage-to-power sensitivities reflecting the relationship of voltage change and power fluctuation are estimated with the obtained voltage control records. In addition to the linear parameter, parameters to match the nonlinearity between voltage and power variation and to track the operation conditions are introduced in the fitting model to improve the accuracy of the voltage control strategy. Rule-based and sensitivity-based optimization voltage control methods are proposed using the sensitivities estimated in which the measurements of partial nodes at the distribution network are the only needed data. The voltage control is also realized with faster computation speed. Case studies and analysis on the IEEE 33-node test feeder verify the correctness and effectiveness of the proposed method.
DG
Distributed generator EV Electric vehicle OLTC On-load tap changer SVR
Step The associate editor coordinating the review of this manuscript and approving it for publication was Jaya Bharata Reddy.
B. SETS

Set of all nodes i
I. INTRODUCTION
The increasing penetration of distributed generators (DGs) and flexible loads poses new challenges to the operation control and energy management of distribution networks [1] , [2] . The intermittency and volatility of DGs and electric vehicles (EVs) make the voltage fluctuation of the distribution network more frequent to violate the limits [3] , [4] . Voltage violation is a vital issue to limit DG penetration and challenges the operation of active distribution network (ADN) [5] - [7] . Traditionally, the problem can be mitigated by dispatching the on-load tap changer (OLTC), step voltage regulator (SVR), and capacitor bank (CB) [8] . However, the tap adjustment of OLTC and SVR and the switching of CB are limited by the slow response, discrete voltage regulation, and relatively high cost, it is difficult to address the voltage violation in real time with high accuracy and lower cost [9] . A promising approach is to utilize the inverters of DG or static var compensator (SVC) by regulating their reactive power output in ADNs [10] - [12] .
To coordinate various voltage regulation devices, the modelbased methods are usually used in [13] . The voltage control strategy is extracted by solving an optimal power flow (OPF) problem. However, the complex nonlinearities of power and voltage in the OPF model make it time-consuming to solve the problem [14] . Hence, algorithm modifications are considered in [15] and [16] . The original optimization problem is transformed into second order conic programming and semidefinite problem, respectively, to enhance the speed and accuracy of the computation. Model reduction methods are used in [17] - [19] . The DistFlow method and LinDistFlow method for power flow model are exploited respectively to boost the speed of calculation. Voltage-to-power sensitivity extracted by inverting the power flow Jacobian matrix is used in [20] and [21] to linearize the voltage control problem. The authors in [22] attain the sensitivities from the line parameter directly which keeps constant under different operation states. The accuracy of fitting the relation of voltage and power variation is improved in [23] , as the equivalent impedance and nodal voltage are considered simultaneously.
Accurate model parameters are required for the modelbased methods above. However, it is difficult to ensure the parameter accuracy in the geographic information system (GIS) of distribution network [24] , [25] . In this context, the data-driven method is considered in [26] . The sensitivities are obtained from the 'perturb-and-observe' method via dividing the voltage by the power perturb. A high-dimension function is introduced in [27] to fit the relation of power and voltage using voltage and power records with various scenarios. The sensitivity is obtained from the partial derivative functions.
Simulation data used in the above sensitivity estimation method is hard to be obtained in the actual operation of the distribution network. Compared with the above methods, the measurement-based method is effective even with operation status change and erroneous model parameters [28] - [30] . The application of phasor measurement unit (PMU) in distribution networks will greatly facilitate the online monitoring and improve the performance of state estimation, fault location detection, and topology identification [31] , [32] . The synchronism of PMU measurements makes it possible to record the output of controllable resources and the voltage changes of the nodes concerned for voltage control. With PMUs configured at all nodes of the network, online estimation method of voltage-to-power sensitivity is proposed in [33] . This paper focus on the PMU-unobservable distribution network with PMUs configured only on partial nodes of the network. The historical records of voltage control are extracted from the PMU measurements, and the voltage-topower sensitivities are further estimated with these records. The quadric term and the term associated with the node voltage are introduced in the fitting function of power and voltage variations to match the nonlinear relationship and track the change of operation state. Compared with linear sensitivity, the proposed fitting function enhances the accuracy by exploiting the redundancy of PMU measurements. Voltage control strategies including rule-based and sensitivity-based optimization method are proposed based on the estimated sensitivity parameters. The requirement on the measurements is reduced, and the computation speed is improved. Case studies on the IEEE 33-node test feeder verify the correctness and effectiveness of the proposed method.
In summary, the main contributions of this paper are summarized as follows:
1) An augmented voltage-to-power sensitivity estimation method is proposed. The relationship between voltage and power variation is approximated by a more accurate nonlinear function. The corresponding sensitivity parameters are estimated based on the historical measurements of PMU at partial nodes of the distribution network without the requirement on the observability of entire network.
2) Measurement-based voltage control methods for distribution networks are proposed with the estimated sensitivity parameters. Rule-based method is introduced in which the voltage control priority is initialized based on the topology information and updated by the sensitivity parameters to guarantee the optimality. With sensitivity parameters of all the observation nodes available, sensitivity-based optimization method is also constructed. The accuracy of voltage control can be guaranteed even with inaccurate model parameters.
The remainder of this paper is organized as follows. Section II presents the PMU-based estimation of voltageto-power sensitivity method. The voltage control method based on the sensitivity estimation is presented in Section III. Case studies and analysis are given in Section IV followed by the conclusion in Section V.
II. PMU-BASED ESTIMATION OF VOLTAGE-TO-POWER SENSITIVITY A. VOLTAGE-TO-POWER SENSITIVITY BASED ON POWER FLOW CALCULATION
The power system satisfies the following power flow equations.
where θ ij = θ i − θ j . By linearizing the nonlinear power flow equation at the current operation point, the relationship of power variation and voltage variation can be expressed as (3).
where J is the Jacobian matrix of the power flow equation at the current state. H, N, M, and L are the submatrices of J.
The following matrix can be obtained by multiplying the inverse of Jacobian matrix.
Then, the relationship of voltage variation and power variation can be expressed as follows.
where S is called the sensitivity matrix. S 21 and S 22 are the sensitivities of voltage magnitude to active power and reactive power changes, respectively.
B. VOLTAGE-TO-POWER SENSITIVITY ESTIMATION BASED ON HISTORICAL PMU MEASUREMENT
The historical measurements of PMU for analysis can be obtained via phasor data concentrator (PDC) [34] . The records of voltage and power before and after the voltage control can be extracted from the historical measurements with time stamps which are the basic data for sensitivity estimation.
1) LINEAR SENSITIVITY ESTIMATION
Suppose that U b,i and U e,i denote the voltage of node i before and after voltage control, respectively. Consider that the powers of other nodes have very little change, the voltage change of node i is caused by the power change of node j denotes by Q j . Let U i = U e,i − U b,i , the sensitivity of node i to j can be approximated by the following equation.
Suppose that
T denote the voltage and power variation vectors with C sets of voltage control record. Then, the optimal linear approximation can be obtained via least square estimation (LSE) method with the measurement redundancy to handle the adverse effects of the power variation of other nodes and measurement errors of PMU.
2) AUGMENTED SENSISITIVY ESTIMATION Linear sensitivity is not accurate when the operation state changed or the power change is relatively large. To address this problem, the fitting function of power variation with voltage variation is further expressed as follow.
where S i,j,1 , S i,j,2 , and S i,j,3 are sensitivity parameters to be estimated. S i,j,1 is the parameter to track the system operation state change. S i,j,2 is the linear fitting parameter. S i,j,3 is the parameter to match the nonlinear relations of voltage change to power variation. Supposed that
When C> 3, the following overdetermined equation can be obtained.
The optimal estimation of the sensitivity parameters via LSE method is expressed as (11) .
, and S i,j,3 .
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The OLTC and SVR are able to regulate voltage by adjusting their tap position. Unlike reactive power resources, the sensitivity of node i to the mth SVR or OLTC depends on the voltage change of node i caused by the tap change of mth SVR or OLTC, denoted by S T i,m . The relationship of tap change and voltage variation is approximated as (12) .
With an available measurement of the voltage at node i and tap change of mth SVR or OLTC, the sensitivity parameters can be estimated by LSE method with (11).
III. VOLTAGE CONTROL METHOD BASED ON SENSITIVITY ESTIMATED
It is constrained by the cost to install PMU on the nodes of distribution network. For distribution networks, voltage problems usually arise in end nodes or the nodes with DGs and the voltage issues of the whole distribution network are eliminated after solving the problems in these nodes [35] , [36] . Therefore, the following definition is used.
Definition: The nodes that are most likely to violate voltage limits are defined as voltage observation nodes. The nodes with schedulable resources are defined as controllable nodes.
A. CONTROL STRATEGY OF CONTROLLABLE RESOURCES
The controllable resources of node j will response to the voltage violation occurs at node i according to the sensitivity parameters or preset control logic.
1) STRATEGY WITH UNKNOWN SENSITIVITIES
A unit constant reactive power Q j,con of DG and SVC as (13) is used to regulate the voltage without any knowledge of the sensitivity parameters.
One more set of CB is switched on when the voltage measurement of node i is smaller than the lower limit of node i. One set of CB is switched off when the voltage measurement of node i is larger than the upper limit of node i as (14) .
Similarly, the tap changes of OLTC and SVR are set as 1.
2) STRATEGY WITH OBTAINED SENSITIVITIES
With available sensitivity parameters, the set number of CB switched on, tap position of OLTC and SVR, reactive power of SVC and DG can be controlled more specifically. The voltage difference between the voltage measurement and the voltage limit is calculated as (16) .
The reactive power of SVC and DG dispatched can be calculated by (17) with the linear sensitivity parameters or by (18) ∼ (20) with the augmented nonlinear sensitivity parameters.
The set number of CB that should be switched on or off is obtained according to Q j as (21) .
where ceil ( * ) denotes the roundup function. Similarly, the tap position changes of the OLTC and SVR are determined by (22) and (23) .
The actual reactive power of DG and SVC dispatched are also constrained by their own capacities as (24) and (25), respectively. Q DG j and Q SVC j are larger than 0 when output reactive power and less than 0 when absorb reactive power.
The total set number of CB switched on is calculated in (28) according to K j .
Similarly, the tap position of SVR and OLTC after control actions is obtained as (29) . 
B. IMPLEMENTATION OF RULE-BASED CONTROL STRATEGY
Rule-based control strategy is used to estimate the sensitivity parameters when the sensitivity parameter is unknown or only sensitivities of partial nodes are available. The observation nodes and controllable nodes only need to communicate with their neighboring nodes to realize the rule-based voltage control.
1) COORDINATION OF MULTIPLE RESOURCES
Three control modules including DG and SVC control, CB control, SVR and OLTC control are constructed in the rule-based control method. The control logic of the three modules is shown in Fig. 1 . With the lowest cost of regulation, DG and SVC are used firstly when the voltage violation occurs. If the voltage violation still exists, CB is considered secondly. The outputs of DG and SVC are reset. Due to the relatively high cost, OLTC and SVR are used to address the voltage problem finally.
2) INITIALIZATION AND UPDATE OF CONTROL PRIORITY
For each control module, the voltage control priority is used to coordinate the regulation devices at different locations. Most sensitive resources with the highest priority are selected firstly to regulate the corresponding voltage of the observation node. Without any available sensitivity parameters, the voltage control priority is first initialized with the information of topology. The flowchart to initialized the voltage control priority is listed as follow.
Step 1: The power supply path from the source node to the voltage observation node is obtained.
Step 2: The priorities of the nodes on the power supply path are confirmed according to their electrical distance to the voltage observation node. The farther electrical distance, the lower voltage control priority. The voltage observation node itself is the node with the highest priority among the nodes on the power supply path.
Step 3: For the nodes on the branch of the power supply path, their priorities are higher than the corresponding branch node and lower than the downstream node of this branch node. The farther electrical distance to the branch node, the higher priority of the node.
Step 4: For the downstream nodes of the voltage observation node, their priorities are all higher than the corresponding voltage observation node. The farther electrical distance to the voltage observation node, the higher priority of the node.
Step 5: The voltage control priorities of each controllable node to each voltage observation node are finally confirmed for the whole network according to their locations.
For the 6-node distribution network in Fig. 2 , the priority list of node 4 from high to low is {5, 4, 3, 6, 2, 1} if node 4 is a voltage observation node. The initialized voltage control priority may be not accurate when the reverse flow appears caused by the high penetration of DGs in distribution network. To address this problem, the priority of the controllable nodes can be updated according to the sensitivity parameters.
According to fitting function (8), the partial derivative relations of voltage change at node i to power change at node j is listed as follow.
In order to simplify the calculation, the third term of (30) is omitted. The priority degree of voltage control of node j to node i, denoted by O i,j , is calculated as follows.
If the positions of the controllable node in the current priority list are not identical to their priority degrees, the priority list will be updated according to the priority degree.
3) RULE-BASED CONTROL SCHEME
The flowchart of the DG and SVC control module is shown in Fig. 3 , which mainly includes the following steps. Other control modules can be realized in the same way.
Step 1: Obtain the topology information of the distribution network, and the number of controllable node. Set voltage Step 2: Obtain the priority of controllable nodes for each voltage observation node according to the topology information.
Step 3: Obtain the voltage measurements of current time instant of each voltage observation node. Calculate the voltage deviation of each node.
Step 4: Find the node with maximum voltage deviation numbered i, if its deviation is larger than the threshold value and its measurement is out of the dead zone, continue to step 5, else skip to Step 10.
Step 5: Obtain the priority list of node i, set n = 1.
Step 6: If the nth controllable node, numbered j, in the priority list has extra capacity to participate in voltage control, continue to Step 7; else if n is larger than the number of the available controllable nodes for node i, denoted by N C , skip to Step 9; else n = n + 1 and repeat Step 6.
Step 7: Read measurements from historical voltage control records database and estimate the sensitivity parameters with the measurements by (11) . Update the control priority. Determine the reactive power output of DG or SVC by (16)∼(27).
Step 8: Obtain the current voltage measurements of voltage observation nodes when the output of the controllable node reaches the scheduled capacity. Store the voltage measurements before and after voltage control, and the scheduled reactive power in the records database. If the voltage of node i is within the limit, skip to Step 10, else n = n + 1 and return Step 6.
Step 9: Go to the control module of CB.
Step 10: Go to next time step, return Step 2.
C. IMPLEMENTATION OF OPTIMIZATION BASED CONTROL STRATEGY
With the sensitivities of the observation node to all the controllable nodes are available, the controllable resources can be regulated according to the optimization results.
Compared with the rule-based method, a centralized controller is required in the optimization method that can communicate with all of the controllable nodes and observation nodes. However, the optimization method has the advantage of considering the voltage violations at multiple observation nodes simultaneously, which makes it closer to the optimal solution extracted from the OPF method. Compared with the OPF method, only measurements of the voltage observation nodes and controllable nodes are used in the proposed optimization based control strategy.
The objective function of voltage control is to minimize the cost of the control actions as (32) .
where W 1 is the weighting parameter that denotes the unit cost of reactive power dispatched from DG and SVC. W 2 is the weighting parameter that denotes the unit cost of the CB action. W 3 is the weighting parameter that denotes the unit cost of OLTC and SVR. The weighting parameters satisfy the following relation which is consistent with the priority settings in the rule-based voltage control strategy [37] , [38] .
The voltage constraint is as follows.
The relations of voltage change to control actions are built with sensitivity parameters as follows.
The constraints of controllable device are as follows.
T n,min ≤ T n,0 + T n ≤ T n,max (39) Above all, the sensitivity-based optimization voltage control model is constructed with objective function as (32) and constraints as (34)∼(39).
IV. CASE STUDIES AND ANALYSIS
The proposed methods are performed on the IEEE 33-node test feeder [18] . The rated voltage level is 12.66kV. The rated capacity is 1.0 MVA. The threshold value of voltage deviation is set as 5%. 2% control error is allowed to avoid unnecessary control actions, and then the dead zones of voltage control are set as [0.949, 0.951] p.u. and [1.049, 1.051] p.u.. The measurements are simulated from the power flow calculation by adding 0.1% normal distributed measurement errors [39] . Simulations are executed on a desktop with Intel Core i5-6500 3.20 GHz CPU, 8.00GB RAM, and Windows 10 operating system.
A. ACCURACY ANALYSIS OF THE SENSITIVITY PARAMETERS
The reactive power resource that can regulate continuously is configured at node 33. PMU is also configured at node 33 as shown in Fig. 4 .
Node 33 is set as the voltage observation node. To analyze the accuracy of the linear and augmented sensitivities, the sensitivities obtained from the inversion of Jacobian matrix are selected as the base line. The results of sensitivity parameter are shown in Table 1 . The voltage measurements of node 33 after voltage control with different methods are shown in Table 2 . The sensitivities are also used in the voltage control under various load level. The results are shown in Table 3 .
As shown in Table 1 , the linear sensitivity estimated with measurements is accurate enough comparing with the sensitivity calculated from the inversion of Jacobian matrix. Table 2 shows that the augmented sensitivity is more accurate than the linear sensitivity. The capacity of reactive power required to maintain the voltage within the limit is quite large, the linear relation assumptions of voltage change to power variation are less accurate. As shown in Table 3 , the augmented sensitivity is still accurate under various load levels which means it can also track the operation state change of the distribution system.
B. VOLTAGE CONTROL APPLICATION IN ADN
PMUs and DGs are configed on node 12, 14, 18, 30, 33 as shown in Fig. 5 . Parameters of DGs are shown in Table 4 . in Fig. 6 . To analyze the optimality, the proposed rule-based method and sensitivity-based optimization method are compared with the OPF method. The optimization models are all solved by IPOPT MATLAB tool box.
Voltage control results with OPF method (M1), rule-based method (M2), and sensitivity-based optimization method (M3) of node 33 and node 18 are shown in Fig. 7 and Fig. 8 , respectively. The voltage problem of node 18 and node 33 is settled with the proposed two methods. The results of the proposed method are fairly consistent with the OPF method.
The total reactive power of DGs for the tested day is shown in Fig. 9 which are almost identical to the OPF method. The total reactive power output for the day by the OPF method is 1.054Mvarh. The total reactive power output with the proposed rule-based method and sensitivity-based optimization method is 1.060Mvarh and 1.052Mvarh with only 0.632% and 0.157% relative errors respectively. Therefore, the optimality of the proposed strategies is guaranteed with only 5 of 33 nodes configured with PMU measurements. 
C. COORDINATED VOLTAGE CONTROL WITH MULTIPLE RESOURCES
The DG capacities in Table 4 is changed as shown in Table 5 . With a smaller capacity, the voltage of the observation node can't be regulated into the allowable zone sometime only by DGs. The coordination with other resources is needed. Locations of the other resources are shown in Fig. 10 . Parameters of the other resources are show in Table 6 . The voltage control results of node 18 and node 33 are shown in Fig. 11 and Fig. 12 , respectively. With the proposed methods, the voltage deviation of node 18 and 33 are all adjusted within the allowable zone. The optimization result of the sensitivity-based optimization method keeps consistent with the result of the OPF method. The rule-based method varies slightly from the result of the OPF method with accurate line parameters.
The control actions of CB and OLTC are identical as shown in Fig. 13 and Fig. 14 . The total reactive power of DGs and SVC at various time slot is shown in Fig. 15 . For rule-based method, reactive power resources are used first to adjust the voltage of node 18 into permissible level. After that, the voltage of node 33 is still out of the limit. Then, more reactive resources are used to compensate the voltage of node 33, which makes the voltage of node 18 higher than the lower limit as shown in Fig. 16 and more 2.065% reactive power resources are consumed. For the sensitivity-VOLUME 7, 2019 based optimization method, the relative error of total reactive power consumed is only 1.49%.
The total computation time, measurement number and communication framework are compared in Table 7 . Compared with the OPF method, the proposed voltage control methods can reduce the cost of the measurement and communication infrastructure and improve the computation speed.
V. CONCLUSION
Voltage control methods for distribution networks based on PMU measurement and augmented sensitivity estimation are proposed in this paper. The historical measurements of PMU are used to estimate the voltage-to-power sensitivity parameters. The parameters to track the operation status change and to match the nonlinear relations between voltage change and power variation are introduced in the fitting function. Compared with the linear sensitivity, the proposed sensitivity parameters are more accurate. Voltage control schemes are proposed based on the estimated sensitivity parameters in which output of the schedulable resources is calculated directly according to the voltage measurements of the voltage observation nodes. The proposed voltage control methods are completely based on the measurements which are agnostic to the errors on line parameters. By comparing with the OPF method with accurate line parameters, the proposed methods can settle the voltage problem with considerable optimality with less measurement and communication requirement and higher computation speed. Therefore, the proposed method provides new options for the voltage control of distribution networks.
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